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Abstract 

This paper is the first report on the effect prior low temperature creep on the thermal cycling behavior 
of NiTi. The isothermal low temperature creep behavior of near-stoichiometric NiTi between 300 and 
473 K was discussed in Part 1. The effect of temperature cycling on its creep behavior is reported in the 
present paper (Part 11). Temperature cycling tests were conducted between either 300 or 373 K and 473 K 
under a constant applied stress of either 250 or 350 MPa with hold times lasting at each temperature 
varying between 300 and 700 h. Each specimen was pre-crept either at 300 or 473 K for several months 
under an identical applied stress as that used in the subsequent thermal cycling tests. Irrespective of the 
initial pre-crept microstructures, the specimens exhibited a considerable increase in strain with each 
thermal cycle so that the total strain continued to build-up to 15 to 20 percent after only 5 cycles. Creep 
strains were immeasurably small during the hold periods. It is demonstrated that the strains in the 
austenite and martensite are linearly correlated. Interestingly, the differential irrecoverable strain, As irr , in 
the material measured in either phase decreases with increasing number of cycles, N, as As irr = 4.3(N) -0 ' 5 
similar to the well-known Manson-Coffm relation in low cycle fatigue. Both phases are shown to undergo 
strain hardening due to the development of residual stresses. Plots of true creep rate against absolute 
temperature showed distinct peaks and valleys during the cool-down and heat-up portions of the thermal 
cycles, respectively. Transformation temperatures determined from the creep data revealed that the 
austenitic start and finish temperatures were more sensitive to the pre-crept martensitic phase than to the 
pre-crept austenitic phase. The results are discussed in terms of a phenomenological model, where it is 
suggested that thermal cycling between the austenitic and martensitic phase temperatures or vice versa 
results in the deformation of the austenite and a corresponding development of a back stress due to a 
significant increase in the dislocation density during thermal cycling. 

1.0 Introduction 

As noted in Part 1 (Ref. 1), NiTi shape memory alloys (SMA) are being considered for use as solid 
state actuators (Ref. 2). By design, the SMA actuators would be required to undergo thermal cycles under 
constant or variable loading conditions. However, thermal cycling tests on most SMAs under an applied 
stress result in irrecoverable strain at the end of each cycle so that the start and end points do not coincide 
thereby reducing the useful life of actuators in actual applications (Ref. 3). The occurrence of these 
irrecoverable strains has been attributed to transformation-induced plasticity (Refs. 4, 5, 6, 7, 8, 9, 10, 
and 11). These constant load thermal cycling tests have been conducted primarily using a servo-hydraulic 
machine so that long term creep effects have not been evaluated. In particular, the effect of prior long 
duration isothermal creep deformation lasting several months on subsequent constant load thermal cycling 
tests have not been investigated to date. Earlier constant load or constant stress creep studies on NiTi were 
conducted above 743 K corresponding to the austenitic phase field (Refs. 12, 13, 14, 15, 16, 17, and 18) 
and well above the application temperature range for NiTi actuators. Consequently, the long term 
isothermal creep behavior of NiTi between room temperature and 473 K under constant applied stresses 
varying between 200 and 350 MPa was investigated as part of this investigation and the results are 
reported in Part 1 (Ref. 1). Based on earlier studies on the deformation behavior of NiTi (Refs. 2, 3, 4, 


NASA/TM— 20 13-2 1 7888/PART2 


1 



11, 19, 20, 21, 22, 23, 24, 25, and 26), the predominant creep microstructures in the specimens studied in 
Pt. 1 (Ref. 1) are expected to be primarily detwinned martensite (M) and “dislocated” austenite (A) 
consisting of a mixture of dislocations and deformation twins necessary to satisfy von Mises criterion 
(Ref. 27). Recent short-term constant load creep tests conducted on a Ti-rich NiTi at 773 K confirm the 
formation of an extensive dislocation and deformation twinned microstructure (Ref. 18). 

The objectives of the present paper are to report the effects of temperature cycling on the creep 
behavior of pre -crept NiTi under constant load conditions. Unlike previous investigations (Refs. 3, 4, 5, 6, 
7, 8, 9, and 10), where the specimens that were thermally cycled generally had an undeformed 
microstructure prior to testing, the specimens used in this investigation were first isothermally crept under 
constant load conditions for several thousand hours prior to thermally cycling them. 

2.0 Experimental Procedures 

Details of the alloy composition and testing procedures are described in Part 1 (Ref. 1). A total of 
three specimens were thermally cycled. The first two specimens were isothermally pre-crept either at 
300 K for 5205.7 h to a true creep strain, e, of about 4.3 percent ((a) (Ref. 1)) or at 473 K for 4342.1 h to 8 
*1.1 percent (Fig. 8(b) (Ref. 1)) under an applied stress, a, of 350 MPa. As stated earlier, the expected 
creep microstructures at these values of s are detwinned martensite and “dislocated” austenite at 300 and 
473 K, respectively. Subsequently, both specimens were thermally cycled between 300 and 473 K under 
an applied stress of 350 MPa. A third specimen was pre-crept at 473 K for about 5062 h to 8 « 1.6 percent 
under an initial applied stress of 250 MPa (Fig. 8(a) (Ref. 1)) prior to thermally cycling between 373 and 
473 K while maintaining the applied stress. In all three cases, the specimen was held at each new 
temperature for 300 to 700 h before changing to the previous temperature in order to distinguish between 
the strain contributions from isothermal creep during the hold time from those due to thermal cycling. 

3.0 Results 

3.1 Thermal Cycling Creep Curves 

Figure 1 shows the variations in the true creep strain and absolute temperature, T, with increasing 
creep time, t, as T varied between Ti = 473 K and T 2 = 373 K, where Ti and T 2 are the initial and final 
temperatures, respectively, for a specimen crept under an initial applied stress of 250 MPa for 5061.6 h 
(Fig. 8(a) in (Ref. 1)). Only the thermal cycling portions of the e - 1 curve are shown in the figure for 
better clarity. The specimen was held at each temperature for varying hold times between 312 and 650 h. 
The two broken curves show the increase in total strain at either 373 or 473 K. An examination of Figure 
1 reveals that the total strain at the end of each cycle was higher than at the start of the cycle so that the 
strain in the material continued to ratchet up with each additional thermal cycle. Thus, the total strain 
increased from about 1.6 percent at the commencement of the first thermal cycle to about 5.4 percent at 
the end of the fifth thermal cycle; a maximum strain of 8.7 percent was observed after the fifth 
temperature decrease from 473 to 373 K. For comparison, the measured isothermal creep strain at 473 K 
increased from 1 . 1 percent on loading to 1 .5 percent after 2709 h under an initial creep stress of 250 MPa 
(Refs. 1). This corresponds to an approximate creep rate of about 4x 1 O' 10 s' 1 , so that the relatively short 
duration hold times at each temperature are unlikely to significantly influence the measured strain in these 
thermal cycling tests. Thus, the observed thermal ratcheting can be attributed almost entirely to 
temperature cycling effects under the present loading conditions. 

Figure 2(a) shows the s~t plot for variations of T between Ti = 300 and T 2 = 473 K for the specimen 
pre-crept at 300 h for several months under an initial creep stress of 350 MPa to a s « 4.3 percent prior to 
the thermal cycling tests at the same stress (i.e., “detwinned” martensite); the same data are replotted as a 
s-T plot for ease of comparison with data obtained from stress-strain curves (Refs. 2, 3, and 8) (Figure 
2(b)). At the start of the first cycle, s decreased from 4.3 to 2.3 percent as the absolute temperature 
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Figure 1 . — Variation of the true creep strain and absolute 
temperature with creep time for a specimen pre-crept 
for 5061 .6 h at 473 K and then thermally cycled 
between 473 and 373 K under an applied stress of 
250 MPa. 
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Figure 2. — (a) True creep strain versus creep time and (b) true creep strain versus absolute temperature fora 
specimen pre-crept at 300 K under an applied stress of 350 MPa and subsequently thermally cycled between 300 
and 473 K. 


increased from 300 to 473 K as the martensite transformed to austenite so that the decrease in the amount 
of creep strain was 2.0 percent. The specimen was held for about 505 h at 473 K prior to decreasing the 
temperature to 300 K, where the measured creep strain was 0.08 percent corresponding to an approximate 
creep rate of about 4.4x 1CT 10 s '. For comparison, the estimated isothermal creep rates at 300 K prior to 
thermal cycling were of the order of 1.5x1 CT 10 s _1 . The variation in strain was insignificant during this 
hold period. On decreasing the temperature from 473 K to room temperature, the magnitude of 8 
increased to 8.7 percent as the austenite transformed to martensite. Significantly, the increase in the 
amount of true strain by 4.4 percent at the end of the cycle was much greater than the strain of 4.3 percent 
at the beginning of the cycle thereby signifying a large irrecoverable strain residual in the specimen after 
the first thermal cycle. As noted above, this plastic strain is predominantly due to thermal ratcheting 
rather than creep under these conditions. Continued thermal cycling of the specimen resulted in a large 
strain build-up in the specimen so that s « 17.8 percent after N = 5 cycles, where N is the number of 
thermal cycles. The total strain in the austenite and the martensite continued to increase almost linearly as 
shown by the two broken lines in Figure 2(a). 
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Figure 3. — (a) True creep strain versus creep time and (b) true creep strain versus absolute temperature fora 
specimen pre-crept at 473 K under an applied stress of 350 MPa and subsequently thermally cycled between 473 
and 300 K. 


Similarly, decreasing the temperature from Tj = 473 K to T 2 = 300 K as in the case of the specimen 
pre-crept at 473 K resulted in an increase in e from about 1.1 to 8.5 percent as the austenite transforms to 
martensite (Figure 3(a)); the corresponding s-T plot is shown in Figure 3(b). The specimen was 
isothermally crept at 300 K for about 321 h at 300 K before increasing the temperature back to 473 K. 

The estimated creep rate during this hold time at 300 K was about 1.8 xlCT 10 s' 1 with a total strain 
accumulation of about 0.02 percent. For comparison, the isothermal creep rates at 473 K prior to thermal 
cycling were estimated to be about 1.2xlCT 10 s' '. A subsequent increase from 300 to 473 Kresulted in a 
corresponding decrease in e to 6.4 percent. The total true irrecoverable strain residual in the specimen at 
the end of the first thermal cycle was 5.3 percent. Once again, the total strain in the austenite and 
martensite continued to increase with each thermal cycle as indicated by the broken lines. At the end of 
N = 6 cycles, the creep strain measured in the martensitic phase was 19.6 percent. 

3.2 Effect of Thermal Cycling on Deformation and Transformation Strains 

Several terms are defined in this paper using Figure 4(a) and (b), which are reproduced portions of the 
T-t and s-t responses for the two thermally cycled specimens under an applied stress of 350 MPa (Figure 
2(a) and Figure 3(a)). The isothermal creep strains, s cr ee P , are represented by the broken lines. The range 
of each cycle, N, is also shown in the figures. It should be noted that Figure 4(a) and (b) are out-of-phase 
by half a cycle. First, s NA and s N m are the average creep strains in the austenitic and martensitic phases, 
respectively, 1 accumulated at the N th thermal cycle and they are measured with respect to s = 0, i.e., s N a 
and s NM are absolute values of strain. They represent the average strain in the two phases at the N th cycle 
due to thermal cycling between the two temperatures since the strain contributions during the hold periods 
were insignificant. Second, (s lr ) NA and (s tr ) NM are the transformation strains associated with either 
martensite to austenite or austenite to martensite transformations, respectively, in the N th thermal cycle. 
Third, (As ilT ) N A and (As^nm are the differential irrecoverable austenitic and martensitic strains, 
respectively, in the N th thermal cycle. Fourth, As a and As M are the differential true strains with respect to 
the isothermal creep strain lines. In other words, they represent the cumulative strains due to thermal 
cycling. 


1 It is noted that Si (I = A or M), (e tr )i, and (Asin-)i are identified with the major constituent, either austenite or 
martensite, in this paper for simplicity. This assumption is a reasonable first order approximation although it is noted 
that thermally cycling a specimen from one temperature to another could stabilize one or the other phase as a minor 
constituent in the microstructure to some extent. 
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Figure 4. — Schematic of the strain- time plot for thermal cycles from 
(a) 473 to 300 K and (b) 300 to 473 K illustrating the various 
terminologies used in this paper. The broken horizontal line 
refers to the isothermal creep strain prior to thermal cycling. The 
suffixes refer to the strain in the phase (austenite (A) or 
martensite (M)) for the N th cycle. 


An examination of Figure 4(a) for the “dislocated” pre-crept austenitic microstructure gives the 
following algebraic relationships for N = 1, 2, 3...N: 


(Str)NA = SNM — SNA 

(la) 

(Str)NM = £NM — S(N-1)A 

(lb) 

(ASir^NA = SNA “ S(N-1)A 

(lc) 

(Ae^NM = SNM — S(N-1)M 

(Id) 


Similarly, for the “detwinned” pre-crept martensite corresponding to Figure 4(b), the relationships for 
N= 1,2,3 ....N are: 


(Str)NA ~ S(N-1)M — ^NA 


(2a) 
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(2b) 



(2d) 


(2c) 


The differential strain, As a and As M , are defined with respect to the isothermal creep line (Figure 4(a) and 
(b)) as follows: 


Figure 5 shows the variation of the differential strains, As a and As M with increasing N for the two 
specimens thermally cycled between 300 and 473 K under an initial applied stress of 350 MPa. Several 
observations can be made from Figure 5. First, the curves show a non-linear behavior so that the 
magnitudes of As a and As M decrease with increasing N thereby suggesting that both phases undergo strain 
hardening as the specimens are thermally cycled between the two temperatures due to the development of 
a back stress in the material. Second, the magnitudes of As a and As M for the “dislocated” and detwinned 
creep microstructures are nearly identical. This result is attributed to a fortuitous coincidence and no 
special significance is inferred from the observation. Third, the differences between As a and As M 
observed in Figure 5 represent the transfonnation strains. Thus, (s tr ) NA = As N m - As N a and (s^nm = Au N m - 
As (N i )A for the “dislocated” austenite (Figure 4(a)), and A^Va = As( N -i)m - As N a and (s^nm = As N m - 
As na for the “detwinned” martensite (Figure 4(b)), respectively. 



(3a) 



(3b) 



o = 350 MPa 


20 


A£ M (disk>cat.) Ac m (detwin Jv. 



-5 


0 1 2 3 4 5 6 


N (cycles) 


Figure 5. — Variation of the differential strains in the 
austenite and martensite with the number of thermal 
cycles for specimens initially pre-crept at 300 K 
(circles) and 473 K (triangles) under an applied stress 
of 350 MPa. 


NASA/TM— 20 1 3-2 1 7888/PART2 


6 


Interestingly, Sa and s M exhibit a linear correlation during thermal cycling under an initial applied 
stress of 350 MPa for pre-crept specimens except that both sets of data are laterally displaced with respect 
to each other (Figure 6). This lateral displacement can be attributed to the fact that the initial strain in the 
specimen pre-crept at 473 K was much higher than that in the specimen pre-crept at 300 K. The slopes of 
the regression lines are close to unity thereby suggesting that the strain in the austenitic phase in one-half 
cycle is in close correspondence with that in the martensitic phase in the other half cycle irrespective of 
whether the specimen was pre-crept at 300 or 473 K prior to the thermal cycling tests. However, the fact 
that the slopes of both plots are close to unity suggests that the strain evolution in both specimens is 
similar irrespective of the pre-crept conditions. Especially notable are the magnitudes of s A and s M , which 
are surprisingly large. It was postulated in Part I (Ref. 1) that the B2 austenitic phase with three 
independent slip systems exhibits significant creep due to a combination of dislocation glide and 
deformation twinning, which satisfy von Mises criterion (Ref. 27). A similar mechanism can account for 
the large values of s A observed in Figure 6 as the austenitic phase deforms during thermal cycling. 
Alternatively, the activation of several slip systems provides a rationale for these large strains (Ref. 11). 
This rationale would suggest that the deformation microstructure in the austenite influences the 
magnitude of s M both by influencing the nucleation of the martensitic plates as well as stabilizing the 
martensite, as the specimen is thermally cycled between 300 and 473 K. 

Figure 7 shows the variations of (s tr ) A and (s tr )M with increasing values of N for the specimens pre- 
crept at 300 and 473 K. The effect of the initial creep microstructures on (s tr ) A and (s^m are minimal so 
that the broken curves represent a reasonable approximation of the observed trend. The magnitudes of 
(s tr ) A and (s^M decrease and increase, respectively, with increasing values of N until N = 3 after which 
both transformation strains approach a degree of constancy. In this case, (s tr ) M decreases from a maximum 
value of about 7.5 percent at N =1 to a minimum value of about 4.8 percent at N = 6, while (s tr ) A increases 
from a minimum value of about 1.9 percent at N =1 to a maximum value of about 3.7 percent at N = 5. 
Correspondingly, the ratio (s tr ) M /(s t r) A decreases from about 3.5 at N = 1 to about 1.6 at N = 5 irrespective 
of the initial pre-crept microstructure. The fact that the austenite and the martensite undergo strain 
hardening due to the development of an effective back stress (Figure 5) and the transformation strains 
evolve to approximately constant values during thermal cycling indicates that the relative volume 
fractions of the austenite and the martensite are also influenced by the evolution of this back stress with 
continued thermal cycling. 



Figure 6. — Correlation between the cumulative strains 
in the austenitic and martensitic phases during 
thermal cycling in specimens pre-crept at 300 K (open 
circles) and 473 K (solid triangles) under an applied 
stress of 350 MPa. 


NASA/TM— 20 1 3-2 1 7888/PART2 


7 


10 


£ 5 

O 

< 


0 

0 1 2 3 4 5 6 7 

N (cycles) 

Figure 7. — Variation of the transformation strains with 
increasing number of thermal cycles as the austenite 
transforms to martensite and vice versa during 
thermal cycling under an applied stress of 350 MPa. 
The data for the specimens pre-crept at 300 and 
473 K are represented by circles and triangles, 
respectively. 


■ 

OAto M transformation strain (detwinned) 


• M to A transformation strain (detwinned) 

A ►M 

\ A 

A A to M transformation strain (dislocated) 

bx 

a M to A transformation (dislocated) 


^_° ° ° (Str)M 

( 8 tr)avq = 4.4% 

A A A A 


■ • • • 


r A / A A NiTi 

\ 

(4)a T 1 = 300K' 

M ►A 

T 2 = 473 K 


,ct = 35p MPa 



Figure 8. — Double logarithmic plot of the differential 
irreversible strains in the austenite and martensite 
against number of thermal cycles for specimens pre- 
crept at 300 K (circles) and 473 K (triangles). 


3.3 Effect of Pre-Crept Microstructures on Differential Irrecoverable Strains 

Figure 8 shows a double logarithmic plot of (A£ irr ) A and (Ae irr ) M against N for the two specimens 
isothermally pre-crept under an applied stress of 350 MPa. Two important points may be noted from the 
figure. First, both (Ae irr ) A and (As irr ) M decrease linearly with increasing N with the data scattered 
uniformly about a single regression line drawn through all the data irrespective of whether the 
measurements of As irr were determined for the austenite or martensite. Second, the data are well 
represented by the regression equation: 


As irr = (As irI ) A = (As irr ) M = 4.3 N-°' 5 (R d 2 = 0.838 ) 


(4) 
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where R d 2 is the coefficient of determination. The data are clustered along this regression line independent 
of the pre-crept microstructure. Significantly, Equation (4) is remarkably similar to the Manson-Coffm 
relation in low cycle fatigue (Ref. 27). Interestingly, the Manson-Coffm relation was observed during the 
low cycle mechanical fatigue of NiTi at room temperature, where the value of the exponent was reported 
to be about 0.2 (Ref. 28). Once again, Figure 8 suggests that the back stress increases in the material with 
increasing number of thermal cycles. 

3.4 Creep Rate-Temperature Plots 

Figure 9(a) to (d) show the variation of the creep rates, s, with T for the specimens pre-crept at 300 
and 473 K during either the austenite to martensite forward transformation (Figure 9(a) and (b)) or the 
martensite to austenite reverse transformation (Figure 9(c) and (d)) of the thermal cycles, where the £ 
values were evaluated by differentiating the s-t curves shown in Figure 2(a) and Figure 3(a). The cool 
down curves for each half cycle during the forward transformation are superimposed on the same plot in 
Figure 9(a) and (b), whereas the corresponding heat-up curves during the reverse transformation are 
superimposed in Figure 9(c) and (d). Noting that the product as has units of power density, Figure 9 9(a) 
and (b) represent energy emission as the austenite transforms to martensite for the forward transformation 
while Figure 9(c) and (d) represent the energy absorption as the martensite transforms to austenite for the 
reverse transformation. 
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A close examination of Figure 9(a) and (b) reveals that all the curves superimpose for the forward 
transformation irrespective of the pre-crept microstructures. Similarly, the curves nearly superimpose for 
the specimen pre-crept at 473 K for the reverse transformation (Figure 9(c)). In contrast, the e-T curves 
for the specimen pre-crept at 300 K exhibited a somewhat more complex behavior for the reverse 
transformation (Figure 9(d)). In this case, the e-T curves shifted to lower temperatures after the first and 
second thermal cycles before superimposing on each other from the third cycle onwards. Additionally, the 
slopes of the e-T curves, as indicated by the magnitudes of e, were steeper than the results shown in 
Figure 9(c). In other words, the kinetics of the martensite to austenite transformation occurs at a faster 
rate for the specimen pre-crept at 300 K (Figure 9(d)) than for that pre-crept at 473 K (Figure 9(c)). The 
precise reason for this difference in behavior between the two specimens during reverse transformation is 
unclear. 

A close examination of Figure 9(d) reveals that the tails of the transformation curves are increasingly 
skewed towards the lower temperatures with increasing number of thermal cycles. The curves are less 
skewed for the specimen pre-crept at 473 K (Figure 9(c)). These observations suggest that the reverse 
martensite to austenitic transformation commences at lower and lower temperatures with each thermal 
cycle presumably due to the build-up of the effective back stresses in the material. 

The absolute transformation temperatures, T tr , where T tr represents the austenitic start, A s , austenitic 
finish, A f , martensitic start, M s , and martensitic finish, M f , temperatures, were determined from the s-T 
curves (Figure 2(b) and Figure 3(b)). The rise and fall segments of these curves were extremely non- 
linear, and therefore it was felt that T tr determined by the intercept method (Ref. 8) was unreliable. Thus, 
the data were determined by the deviation method, where the magnitudes of T tr were identified with the 
points at which the curves deviated from the extensions of the stable regions (Figure 10). 

Figure 1 1 shows the variation of T tr with N for the two specimens with different pre-crept 
microstructures. Several points may be noted from Figure 11. First, M s and M f are independent of the 
initial creep microstructure. Second, M s increases slightly while M f does not vary significantly with 
increasing N irrespective of the pre-crept microstructures. Third, the values of A s decrease with increasing 
N and they are sensitive to the pre-crept microstructure such that the values of A s are significantly larger 
for the specimen pre-crept at 300 K than that pre-crept at 473 K. In the latter case, the A s for the specimen 
with an expected microstructure of dislocations and deformation twins is similar to the values of M s after 
N = 3. Fourth, A f for the specimen pre-crept at 300 K decreases with increasing N and it is larger than that 
for the specimen pre-crept at 473 K for which A f is independent of N. Fifth, the transformation of the 
martensite to austenite during the reverse transformation cycle occurs over a larger temperature range for 
the specimen pre-crept at 473 K than for the one pre-crept at 300 K. 



T (K) 


Figure 10. — Illustration of the deviation method used to 
determine the transformation temperatures, A s , Af, M s and Mf. 
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Figure 1 1 . — Effect of pre-crept microstructures on the 
variations of the transformation temperatures with the 
number of thermal cycles. 


4.0 Discussion 

The observations reported in this paper have an important bearing on the design and applications of 
binary NiTi actuators. As shown in Figure 1 to Figure 3, thermally cycling NiTi between either 300 or 
373 and 473 K under an applied stress of either 250 or 350 MPa results in a ratcheting of the total strain 
with each cycle. The accumulated strains are extremely large and well above 1 5 percent after five thermal 
cycles. However, the effect of hold times varying between 300 and 700 h did not significantly contribute 
to the total accumulated strain presumably because the creep rates were very low varying between about 2 
and 5xlO~ 10 s ’. Based on the isothermal creep results reported in Part 1 (Ref. 1), where the creep strain 
was significant after several months, it is anticipated that long hold times lasting several months and 
years, would contribute to some extent, although much less than the transformation strain, to the total 
accumulated strain during the thermal cycling tests. Although the effect of hold time on the total strain 
accumulated during thermal cycling tests must be evaluated more completely than reported in the present 
paper, it is reasonable to suggest that hold times effects are likely to be subtle due to the evolution of the 
deformation microstructures. As noted in Part I (Ref. 1), measurable primary creep was observed between 
300 and 473 K for stresses above 200 MPa although the creep of the austenitic phase was significantly 
higher than that of the martensitic phase. Thus, the effects of long hold times at 473 K lasting several 
months between each thermal cycle under a constant applied load are expected to be more significant than 
similar hold times at 300 K. 

In attempting to design SMA actuators, it is essential to understand the fundamentals of the creep 
behavior of the austenitic and martensitic phases. It was concluded in Part I (Ref. 1) that the creep of NiTi 
at 300 K results in the detwinning of the martensitic twin variants on loading followed by dislocation 
glide-controlled primary creep. However, it was hypothesized that primary creep of NiTi at 473 K 
resulting in significant strain accumulation is due to the development of dislocation and deformation twin 
microstructures in the austenitic phase. The formation of deformation twins is necessary to accommodate 
the limited slip systems in its B2 crystal structure. 

The effects of these two pre-crept microstructures on the subsequent thermal cycling behavior of NiTi 
reported in this paper can be summarized as follows: (a) The material undergoes strain hardening with 
increasing number of thermal cycles thereby indicating a build-up in residual stress (Figure 5). This 
increase in residual stress can be attributed to the development of dislocation microstructures during each 
thermal cycle, (b) Significantly, the creep strains in the austenitic and the martensitic phases are closely 
correlated so that the strain in one phase increases as the strain in the other phase increases (Figure 6). 
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Thus, the deformation microstructures formed in the austenite at 473K are not destroyed after it 
transforms to martensite when the specimen is cooled to 300 K. Instead, it appears that the deformation of 
one phase in the first half of the thermal cycle influences the deformation of the other phase in the second 
half of the thermal cycle irrespective of the initial creep microstructure, (c) The observed inverse linear 
correlation between As irr and N shown in Figure 8, and described by Equation (2) similar to the Manson- 
Coffin relation in low cycle fatigue (Ref. 27), is also consistent with the formation of a dislocation 
substructure and the development of an associated back stress. 

The observed variations in T tr with increasing N shown in Figure 1 1 suggest that the A s and A f 
temperatures are acutely sensitive to the initial isothermal creep microstructure prior to thermal cycling 
unlike M s and M f . The deformation microstructures developed during isothermal creep of the austenitic 
phase at 473 K reduces the magnitudes of the A s and A f transformation temperatures well below those for 
the specimen isothermally pre-crept at 300 K in the martensitic phase field. The decrease in A f with 
increasing N for both pre-crept microstructures suggests that it becomes progressively easier to complete 
the reverse martensite-to-austenite transformation with each thermal cycle. The present observed trends in 
the transformation temperatures during thermo-mechanical cycling are not always consistent with earlier 
observations on the thermal cycling behavior of NiTi. For example, Grossman et al. (Ref. 29) reported 
that M s and M f increase, while A s and A f were essentially constant, with increasing N during constant 
load thermomechanical cycling of a near-equiatomic binary NiTi. 

The observations shown in Figure 1 1 can be rationalized in terms of the time evolution of the s-T plots 
(Figure 12). Prior to the commencement of the thermal cycling experiments corresponding to N = 0, the 
hysteresis of the s-T plots is relatively large so that A s is much greater than M s as indicated by the two 
vertical broken lines in Figure 12. With continued thermal cycling, the A s and A f decrease significantly 
while M s increases slightly with increasing N for the specimen pre-crept at 300 K (Figure 11), thereby 
indicating a reduction in the width of the hysteresis with each thermal cycle as the reverse transformation 
curve moves to lower temperatures in Figure 12. The small increase in M s to higher temperatures while M f 
remains unchanged indicates that the slope of the forward transformation (i.e., austenite to martensite) curve 


N = n 



Figure 12. — Schematic showing the relative shifts in the 
positions of the transformation temperatures during thermal 
cycling with respect to the true strain versus absolute 
temperature plot. 
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decreases in the s-T plot with increasing N. The decrease in the A s and a slight increase in the M s with 
increasing N for the specimen pre-crept at 473 K also indicates a reduction in the hysteresis but since A f is 
independent of N, the slope of the reverse transformation curve in the s-T plot decreases with increasing N. 
The close correspondence between s A and s M (Figure 6) and the increase in As a and As M with increasing N 
(Figure 5) suggests that the s-T plot moves upwards parallel to the creep strain axis in Figure 12. 

The slopes of the forward transformation curves observed in the s-T plots are influenced by the 
stored elastic strain energy due to the formation of the martensite, whereas the slopes of the reverse 
transformation are influenced by the dissipation of this stored elastic energy (Refs. 30, 31, and 32). Thus, 
a large difference between the M s and M f transformation temperatures corresponds to a shallow slope and 
leads to a high stored elastic strain energy, whereas a small difference between these two transformation 
temperatures corresponds to a steeper slope and lower stored elastic energy. 

Similarly, the width of the hysteresis is indicative of the frictional resistance to the motion of the 
austenite-martensite interfaces and martensite-martensite interfaces with different crystallographic 
orientations (Refs. 30, 3 1 , and 32). A narrow hysteresis suggests a decreased frictional resistance to 
interfacial motion and a low relaxation of the stored elastic energy during the martensite to austenite 
reverse transformation. However, a wide hysteresis indicates a large frictional resistance and a high 
relaxation of the stored elastic energy. The A s and A f temperatures are expected to be lower for a s-T plot 
with a narrow hysteresis than for one with a wider hysteresis. Thus, the observed decrease in A s and A f 
with increasing N (Figure 11) suggests that the hysteresis decreases for both pre-crept microstructures. As 
noted earlier, this corresponds to a decrease in the frictional resistance to interfacial motion and a lower 
rate of dissipation of the stored elastic energy (Refs. 30, 31, and 32). However, the hysteresis is narrower 
for the specimen pre-crept at 473 K than for the one pre-crept at 300 K. Since M s increases with 
increasing N while M f is constant for both pre-crept specimens (Figure 11), the stored energy in the 
martensite is high and less heating is required to initiate the reverse martensite-to-austenite transformation 
(Refs. 30, 31, and 32). 

There is now considerable microstructural evidence that thermal cycling conducted with and without 
an applied constant load results in a significant increase in the dislocation density with each thermal cycle 
(Refs. 5, 6, 10, 29, 32, 33, and 34). The measured dislocation densities increased from 10 10 to 5><10 14 m 2 
after 100 thermal cycles under no external load conditions (Refs. 10 and 34). Several recent observations 
indicate that dislocation glide loops are emitted into the austenite in front of an advancing austenite- 
martensite interface during the forward transformation from austenite to martensite to accommodate the 
formation of the martensite (Refs. 6, 10, 11, 30, and 34). No doubt the generation of these dislocations 
can account for the observed irrecoverable strains (Figure 8). The presence of these dislocations results in 
a back stress on the austenite-martensite interface therefore requiring a larger driving force for martensitic 
transformation and a decrease in M s with increasing N (Refs. 10 and 34). It has been suggested that the 
presence of retained martensite also contributes to the irrecoverable strain (Refs. 1 1 and 29) although 
retained martensite is not always observed (Ref. 7). In this case, the martensite is assumed to be stabilized 
by the dislocation structure so that M s increases with increasing N (Ref. 29). Mechanical twins and 
pseudo-twins in the austenite have also been observed during thermomechanical cycling of NiTi (Ref. 4). 
Clearly, the plasticity of the austenite can be attributed to either the activation of at least five independent 
slip systems (Ref. 1 1) or a combination of deformation twins and dislocation slip to satisfy von Mises 
criteria (Ref. 27). 

In view of the above discussion, the areas under the £-T plots are measures of either the rates of 
increase in the stored elastic strain energy during the forward transformation (Figure 9(a) and (b)) or the 
dissipation of the stored elastic strain energy during the reverse transformation (Figure 9(c) and (d)). An 
examination of Figure 9(a) and (b) reveals that the s-T plots are fairly similar irrespective of the initial 
pre-crept microstructure thereby suggesting similar amounts of stored elastic energy in both cases. 
Remarkably, the curves are well-defined and overlap each other after each cycle with the peak strain rate 
values occurring between 364 and 368 K suggesting that the transformation of the austenite to martensite 
is unaffected by any microstructural variation caused by the martensite to austenite transformation in the 
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previous reverse cycle. In contrast, the pre-crept microstructures have a significant effect on the 
dissipation of the stored elastic energy during the reverse transformation. The e— T plots for the specimen 
pre-crept at 473 K are well-defined and overlap after the first thermal cycle and the martensite transforms 
to austenite over a broad temperature range (Figure 9(c)). The troughs for the curves, which occur 
between about 410 and 430 K, have a relatively broad spread of about 20 K. Assuming that the initial pre- 
crept microstructure consisted of a mixture of dislocations and deformation twins in the B2 austenite, 
coupled with the fact that thermal cycling of NiTi generates additional dislocations in the austenitic phase 
(Refs. 6, 10, 11, 30, and 34), the present observations suggest that the wide temperature range over which 
the reverse transformation occurs is influenced by the development of the internal stresses in the material. 
Therefore, it is reasonable to suggest that these local internal stresses oppose the progress of the austenite- 
martensite interfaces in the material during the reverse transformation so that the martensite transforms 
sluggishly to austenite. Under local stress conditions favorable to stabilizing the martensite, it is unlikely 
that martensite will transform to austenite so that it is retained at 473 K. 

In comparison, the e— T curves are well-separated for each cycle with relatively shaip troughs for the 
specimen pre-crept at 300 K, where the trough decreases from 477 K for cycle no. 1 to 456 K for cycle 
no. 3 (Figure 9(d)). Interestingly, the spread in the curves increases from the first to the third cycle before 
becoming approximately constant while the martensite starts transforming to austenite at lower and lower 
temperatures with each thermal cycle. Since the pre-crept microstructure is expected to consist 
predominantly of single variant martensitic twins with a few dislocations generated during isothermal 
primary creep, the differences in the characteristics of the curves for cycles nos. 1 and 2 are revealing. It 
should be noted that since dislocations are generated during the forward transformation (Refs. 5, 6, 10, 

29, 30, 33, and 34), the microstructure of the specimen prior to cycle no. 2 is expected to consist of a 
significant number of dislocations. Thus, the observed broadening of the curves after cycle no. 1 can be 
attributed to a significant increase in the dislocation density and a corresponding increase in the internal 
stresses in the material similar to the case for the specimen pre-crept at 473 K. Thus, the observed 
differences in the nature of the plots shown in Figure 9(c) and (d) stem from the fact that the curves for 
the specimen pre-crept at 300 K are in the process of evolving towards those for the specimen pre-crept at 
473 K. Eventually, it is expected that the curves for both specimens would be similar after a sufficiently 
large number of thermal cycles. 

As noted earlier, the reverse transformation from martensite to austenite commences at lower and 
lower temperatures (Figure 9(c) and (d)) thereby resulting in a decrease in A s with increasing N (Figure 
11). The precise reason for this is unclear at this time but several possibilities exist. First, it is possible 
that some of the austenite fails to transform as thermal cycling progresses. However, it is important to 
note that retained austenite has not been observed in the alloy used in the present investigation although 
recent results on the short-term creep of a Ti-rich NiTi deformed at 773 K revealed the presence of 
retained austenite (Ref. 18). Second, the skewness in the curves towards the lower temperatures could be 
attributed to the transformation of favorably oriented martensitic twins to twins in the austenite during the 
reverse transformation, li et al. (Ref. 21) observed a direct correlation between the {20l] gig ^ twins in the 
deformed martensite and the {114) B2 twins in austenite during reverse transformation in in-situ 
microstructural experiments conducted on a Ti-50.6at.% Ni alloy. It is also worth noting that {1 14} B2 
deformation twins were observed in a NiTi alloy after thermal cycling under a constant load (Ref. 4). 
Third, an increase in M s with increasing N (Figure 11) has been attributed to the stability of the martensite 
(Ref. 29), so that it is possible that the local stress fields around some martensitic plates prevent them 
from transforming back to austenite during the reverse transformation so that the volume fraction of the 
retained martensite increases with increasing N. In that case, the amount of martensite available for 
transformation back to austenite will correspondingly decrease so that A f would decrease with increasing 
N. Clearly, further studies are needed to elucidate these issues. 
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Figure 13. — Schematic showing the effect of thermal cycling on the evolution of the microstructure and back stresses, 
<jb, for specimens pre-crept at: (a) 300 K and (b) 473 K. The austenite deforms by a combination of deformation 
twinning and dislocation slip, while the martensite deforms by detwinning. As the specimens are thermally cycled 
between 300 and 473 K, dislocations are generated in the austenite so that ob increases with increasing N until the 
microstructure stabilizes. The smooth curve represents the increase in a b with increasing N. Some of the 
martensite is retained at 473 K under the action of the local internal stresses. 


Figure 13(a) and (b) are schematic representations showing the evolution of the microstructure during 
thermal cycling for the two specimens with different pre-crept microstructures. In Figure 13(a), the 
specimen with the detwinned martensitic pre-crept microstructure is heated to the austenitic region above 
A f under an applied stress during the first half of the thermal cycle. The martensite transforms to 
austenite, where the deformation and transformation strains are accommodated by dislocation slip, and 
possibly deformation twinning, with a corresponding increase in the back stress, a b , in the specimen. It is 
expected that some of the martensite would be stabilized by local internal stresses, and therefore, these 
martensitic plates would not transform to austenite. Thus, the expected microstructure at 473 K in the 
austenite at the end of this half cycle consists of a combination of glide dislocations, deformation twins 
and untransformed martensitic plates. In the second half of the thermal cycle, the austenite transforms 
back to martensite but the deformation twins and dislocations remain in the matrix since there is no 
significant recovery at these temperatures. Flowever, there is a distinct possibility that the {114} B2 
deformation twins in the austenite transform to {201} martensitic twins (Ref. 21). In addition, based 
on experimental evidence (Refs. 6, 10, 11, 30, and 34), it is expected that the dislocation density would 
increase substantially to accommodate the transformation strain. On reverse transformation in the first 
half of the subsequent cycles, it is suggested that the {201} martensitic twins nucleate the {114} B2 
deformation twins in the austenite so that these twins flip-flop every half thermal cycle. The back stress 
increases with increasing number of thermal cycles, so that the effective stress, a eff = (a - a b ), decreases 
in the matrix thereby resulting in a corresponding nonlinear increase in s A and s M (Figure 5), and a 
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decrease in (Ae^a and (A£ irr ) M with increasing N (Figure 8). Assuming a Taylor-type hardening 
mechanism (Ref. 35), the effective stress is dependent on the dislocation density, p d , and deformation 
twin density, p t . 


CTeir = ( CT - a b) = CTo + aMp A b A (Pd + Pt) °' 5 (3) 

where a 0 is the lattice friction stress, M is the Taylor factor, a is a constant, p A is the shear modulus of the 
austenite and b A is the Burgers vector for the austenite. Eventually, when N = n, the microstructure 
stabilizes (Figure 13(a)) so that A s and A f become independent of N. 

The response of the specimen pre-crept at 473 K results in a larger value of a b prior to the start of the 
thermal cycle experiments owing to the presence of dislocations and deformation twins generated during 
isothermal primary creep (Figure 13(b)). Cooling down to 300 K in the first half of the thermal cycle results 
in the transformation of the austenite to martensite while retaining the deformation twins and dislocations 
present in the pre-crept microstructure. From the second half of the first thermal cycle and beyond, the 
microstructure and cr b develop in a manner similar to that described above for the specimen pre-crept at 300 
K (Figure 13(a)) except that the microstructure reaches a stable state at a lower value of N. 

The observations reported in this paper have important implications for actuator design and bring into 
question the stability of binary NiTi alloys during thermal cycling. As noted in Part 1 (Ref. 1), the 
obj ective of this investigation was to understand the origin of the irrecoverable strain, which arises as 
near-stoichiometric NiTi is thermally cycled under a constant applied stress (Figure 1 to Figure 3). It was 
demonstrated in Part 1 that NiTi undergoes significant primary creep at 473 K when the applied stress 
exceeds 220 MPa; the alloy creeps at a much lower rate at 300 K for applied stresses greater than 
200 MPa. Flowever, as demonstrated in Part II, thermal cycling between 300 and 473 K under creep 
stresses identical to those used in the isothermal experiments results in a significant amount of thermal 
ratcheting to 1 5 to 20 percent. The fact that the creep strain was immeasurably small for hold times 
varying between 300 and 700 h at each temperature convincingly demonstrates that irrecoverable strain 
accumulation due to thermal cycling far exceeds that due to isothermal creep due to a significant increase 
in the dislocation density in the austenite (Refs. 5, 6, 10, 29, 30, 33, and 34). 

Clearly, the magnitude of the irrecoverable strain is determined by the deformation of the austenitic 
phase. Thus, strengthening of the austenitic phase against dislocation slip is expected to improve the long 
term stability of the actuator and increase its life. Traditionally, this process has involved thermally 
cycling NiTi over a large number of cycles in an attempt to develop a stable microstructure through a 
process called “training” (Ref. 36). However, the problem with this approach is that a stable dislocation 
substructure is generally attained only after several hundred thermal cycles, which is not only expensive 
but it is also likely to reduce the work output of the actuator. As demonstrated in this investigation, the 
dislocation substructure tends to stabilize within a few thermal cycles if the alloy is initially pre-crept in 
the austenitic phase region. Nevertheless, it must be recognized that the stability of the dislocation 
microstructure is limited to the stress and temperature conditions under which it was generated and 
changes in the operating conditions of the actuator can destabilize the dislocation microstructure. 


5.0 Summary and Conclusions 

This paper is the first report on the effect of prior low temperature creep on the thermal cycling 
behavior of NiTi. Specimens isothermally pre-crept at 300 and 473 K for several thousand hours were 
thermally cycled between 300 or 373 and 473 K under applied stresses of either 250 or 350 MPa. The 
present observations revealed that the total strain significantly ratchets up with each thermal cycle 
irrespective of the initial creep microstructure with the strain contribution from isothermal creep during 
hold times at each temperature being negligible. It is demonstrated that the strains in the austenite and 
martensite decrease non-linearly with increasing number of thermal cycles thereby suggesting a hardening 
of the alloy due to the development of back stresses as dislocations are generated in the material during 
each thermal cycle. The differential irrecoverable strain, As irr , varies with N as As irr = 4.3 N'° 5 similar to 
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the Manson-Coffm relationship observed in low cycle and thermal fatigue. The magnitudes of A s and A f 
temperatures were observed to be sensitive to the isothermal pre-crept microstructure with these 
transformation temperatures being higher when the specimen was pre-crept in the martensitic phase field 
at 300 K compared to that pre-crept in the austenitic phase field at 473 K. Both of these transformation 
temperatures decrease with increasing N when the pre-crept microstructure consists of detwinned 
martensite. Similarly, A s also decreased with increasing N, but A f was constant when the pre-crept 
austenitic microstructure likely consisted of dislocations and deformation twins. A phenomenological 
model is proposed to rationalize the observations reported in this paper, which suggests that the back 
stress increases with increasing N due to dislocation generation in the austenite. 
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